We investigated the spatial expression of three genes that are expressed during seed germination and postgerminative development in Brassica napus L. using in situ hybridization procedures. Two of the mRNAs encode isocitrate lyase and a predicted polypeptide that is homologous to cysteine proteinases. We reported previously that the mRNAs are prevalent primarily in cotyledons of seedlings and accumulate with similar kinetics during postgerminative growth. Here, we show that the two mRNAs are detected in several seedling tissues, but they display different distribution patterns in both cotyledons and root-shoot axes. The third mRNA is abundant in seedling axes and accumulates specifically in the ground meristem and mature cortex of hypocotyls and roots. Distribution of the mRNA in root meristems suggests that the gene product participates in an early event in cortical cell differentiation. Our results provide insight into the physiological processes that characterize seedlings.
INTRODUCTION
Seed germination and seedling growth are critical stages of the plant life cycle during which sporophyte growth and development are re-initiated following a period of metabolic inactivity imposed during seed development. The physiological processes that occur in seedlings can be divided broadly into two sets of related activities. First, nutrients required for seedling growth are generated through the hydrolysis of storage macromolecules and conversion of hydrolysates into translocated metabolites (Bewley and Black, 1983; Ching, 1972) . In nonendospermic seeds such as Brassica napus L., cotyledons serve as the primary site of storage lipid and protein metabolism, although mobilization also occurs in axes. Second, structural and physiological changes associated with morphogenesis during postgerminative growth occur largely in root-shoot axes (Esau, 1977) . Although the mobilization of storage reserves is primarily a germination-related event, tissue differentiation is initiated during embryogenesis and continues in mature plant organs.
To identify genes associated with these processes, we previously isolated several mRNAs, designated postgerruination-abundant mRNAs, which are prevalent in seedlings and are either not detected or are present at lower 1 On leave from the U.S. Department of Agriculture/Agricultural Research Service Western Regional Research Center, 800 Buchanan St., Albany, CA 94710. 2 To whom correspondence should be addressed. levels in embryos, dry seeds, and leaves (Harada et al., 1988a) . One subset of mRNAs accumulates preferentially in the cotyledons of seedlings (cotyledon-abundant mRNAs), whereas another mRNA class is seedling axisabundant, suggesting that differences in cotyledon and axis physiology reflect differential gene expression (discussed in Harada et al., 1988b) . We obtained evidence to indicate that the mRNAs play a role in germination-related processes by showing that two cotyledon-abundant mRNAs encode enzymes that participate in lipid mobilization, isocitrate lyase, and malate synthase (Comai et al., 1989) . However, the function of the other genes is not known.
To obtain clues about the physiological role of postgermination-abundant genes, we determined the distribution of three mRNAs in seedlings. The two cotyledon-abundant mRNAs studied encode the glyoxylate cycle enzyme isocitrate lyase (threo-Ds-isocitrate glyoxylate-lyase, EC 4.1.3.1), and a polypeptide, designated COT44, which is homologous to cysteine proteinases. The third mRNA, AX92, accumulates primarily in seedling axes. We found that isocitrate lyase and COT44 mRNA are present in both cotyledons and axes, but they are distributed in different tissues within the organ systems. The relationship between spatial expression of the genes and seedling physiology is discussed. The axis-abundant mRNA, AX92, accumulates specifically in the cortex. The pattern of AX92 mRNA accumulation in root meristems suggests that expression of the gene(s) defines initial events in cortical cell differentiation.
RESULTS

Postgermination-Abundant Gene Expression during Development
As previously reported and summarized in the RNA gel blots shown in Figure 1 , isocitrate lyase and COT44 mRNAs are prevalent in cotyledons of seedlings (lane C), maximally accounting for approximately 2.3% and 0.23% of mRNAs, respectively (Harada et al., 1988a; Comai et al. 1989) . We also showed that the mRNAs are not detected RNA gel blots with total polyadenylated RNA from cotyledons (C) and axes (A) of 2 DAI seedlings, dry seeds (D), and mature leaves (L), stems (S), and roots (R) were hybridized with insert fragments from isocitrate lyase (IL), COT44, and AX92 cDNA clones. The amount of RNA applied to each lane is given at the bottom of the figure. Autoradiograms were overexposed for 1.5 hr (IL), 5.0 hr (COT44), and 31 hr (AX92) to detect mRNAs in mature organs. Estimates of relative mRNA levels (see "Methods") in cotyledons, axes, dry seeds, leaves, stems, and roots, respectively, are as follows: IL, 1.0, 0.3, 0.2, <0.0005, <0.0005, <0.0005; COT44, 1.0, 0.2, 0.015, 0.0003, 0.001, 0.003; AX92, 0.2, 1.0, 0.002, 0.2, 0.3, 0.05. mRNA attains maximal levels in axes (representing 0.17% of mRNA), is present at lower amounts in cotyledons, and is not detected in dry seeds.
We estimated the prevalence of the mRNAs in leaves, stems, and roots in RNA gel blot hybridization experiments to examine the possibility that the genes may have a role in mature plant organs. Figure 1 , lanes L (leaf), S (stem), and R (root), shows that COT44 and AX92 mRNA are present in the three organs, whereas isocitrate lyase mRNA is not detected at significant levels. Estimates of mRNA levels (see "Methods") indicate that the COT44 gene(s) is expressed at approximately 300-to 3,000-fold lower levels in mature organs, whereas AX92 mRNA level in roots and leaves varied between 5 and 30% of maximal levels present in 2 DAI axes (note differences in RNA amount per lane in Figure 1 ). The results suggest that isocitrate lyase and COT44 genes are expressed maximally during postgerminative growth and that the AX92 gene product may function in mature plant organs.
Predicted COT44 Polypeptide Is Homologous to Cysteine Proteinases
Information relating to the function of the COT44 gene product was obtained by sequencing the cDNA clone. The 1.1-kb cDNA insert of pCOT44, which corresponds to a 1.7-kb mRNA (see Figure 1) , was sequenced using the strategy outlined in Figure 2A . Figure 2B shows that the partial sequence of the predicted polypeptide derived from the nucleotide sequence shares 53%, 59%, and 43% similarity with the cysteine proteinases papain (Cohen et al., 1986), actinidin (Carne and Moore, 1978) , and cathepsin H (Tahio et al., 1983) , respectively. Moreover, critical residues required for the activity of cysteine proteinases are conserved in the deduced COT44 polypeptide (Baker, 1980; Kamphuis et al., 1985) .
Distribution of Two mRNAs that Accumulate Primarily in Seedling Cotyledons
The homology of COT44 to cysteine proteinases presented the possibility that the protein may operate in storage protein hydrolysis. Therefore, we compared the distribution of mRNAs encoding COT44 and isocitrate lyase. The mRNAs were localized by hybridizing fixed seedling sections with 35 S-labeled antisense-or sensestrand RNA probes (see "Methods"). The antisense probe hybridizes with the complementary mRNA to indicate the location of the transcript in seedlings, whereas sensestrand probes contain sequences identical to mRNA and show background levels of binding to the sections. Figure 3A shows a transverse section through a cotyledon pair from seedlings grown 16 hr after the start of imbibition (HAI). Similar sections were reacted with either an isocitrate iyase ( Figure 3B ) or COT44 ( Figure 3C ) anti-
MSIYLRWSLEHGKSNSNSNGIINQQOERFNIFKBNLRFIDLHNENNKNA 49 44 TYKLGLTIFANLTNBEYRSLYLGARTEPVRRITKAKNVNMKYSAAVNDV 98 (44), deduced from the nucleotide sequence of the cDNA insert, is compared with that of papain (p), actinidin (a), and cathepsin H (c). The last amino acid of COT44 precedes a translation stop codon that is located 116 nucleotides from the poly(A) tail. Amino acids are designated by the single letter code, dashes indicate identical residues, and blank spaces show gaps introduced to maximize sequence alignment. Critical residues in or near the active sites of the proteinases are denoted by the asterisk. Numbers to the right of the COT44 sequence indicate amino acid position. The nucleotide sequence was omitted for brevity and is available from the authors by request.
sense RNA probe. The white silver grains in the autoradiograms viewed by dark-field microscopy show that both mRNAs accumulate in vascular bundles (see arrows) and the epidermis. However, in 2 DAI cotyledons ( Figure 3E ), dramatic differences in the accumulation of the two mRNAs become evident. As shown in Figure 3 , F and G, respectively, isocitrate lyase mRNA is distributed evenly throughout the cotyledon, whereas COT44 mRNA remains associated largely with the vascular tissue and epidermis.
The distribution patterns shown in Figure 3 , F and G, are characteristic of other regions of the cotyledon and of 4 and 6 DAI cotyledons (data not shown). The differential expression of the two genes is emphasized by the mRNA accumulation patterns in 16 and 24 HAl axes (Figure 3, I and M, respectively) . Figure 3J shows that isocitrate lyase mRNA is detected largely in the cortex of 16 HAl axes, whereas at 24 HAl, the mRNA is prevalent in the upper region of hypocotyls and present at lower levels in basal hypocotyls and in roots ( Figure 3N ). This conclusion was verified by counts of silver grains in these regions (data not shown). In contrast, Figure 3 , K and O, shows that COT44 mRNA is distributed throughout the axis; the mRNA appears to be present at higher levels in the vascular cylinder but is also detected in the cortex. Hybridization of cross-sections from axes with the probe confirms this result (data not shown). The specificity of the in situ hybridization experiments is shown by the lack of appreciable reaction of COT44 (Figure 3 , D, H, L, and P) and isocitrate lyase (data not shown) sense-strand probes with the sections. The results indicate that two genes encoding mRNAs that are abundant in cotyledons display different spatial patterns of expression.
Cortex-Specific Accumulation of AX92 mRNA
We determined the location of the axis-abundant mRNA, AX92, in 18 HAl axes ( Figure 4A ). Figure 4B shows that the mRNA accumulates specifically in the ground meristem and mature cortex of axes and is not detected at significant levels in the vascular cylinder or the root cap. An expanded view of the meristematic region of a root ( Figure 4D) shows the closed type of apical organization characteristic of B.
napus roots. The promeristematic region is composed of three tiers of cells; the middle layer contains cortical initial cells that are immediate precursors of the ground meristem and mature cortex (Kuras 1978 (Kuras , 1980 . As shown in Figure  4E (see arrow), AX92 mRNA is not detected at the center of the promeristematic region, but is prevalent in cells at the periphery of the layer and in the ground meristem. Thus, AX92 mRNA appears to be a specific differentiation marker for cortical cells.
Although the mRNA is evenly distributed in the cortex of the root and hypocotyl of 16 HAl axes, it is present at different levels in distinct regions of 24 HAl axes ( Figure  4G ) and 2 DAI hypocotyls and root tips (Figure 4 , J and M, respectively). As shown in Figure 4 , H and K, the mRNA is most abundant at the junction of the hypocotyl and root in 24 HAl (see arrow) and 2 DAI seedlings. Figure 4N shows that the mRNA is also distributed unequally in a 2 DAI root tip; the mRNA is prevalent in cortical cells in the elongation and/or maturation zone. In situ hybridization of cross-sections and silver grain counts verifies the differential accumulation of AX92 mRNA within the cortex (data not shown). As controls, Figure 4 , C, F, I, L, and O, indicate the specificity of the in situ hybridization reactions. 
DISCUSSION
Contrasting Spatial Accumulation Patterns Distinguish Two Cotyledon-Abundant mRNAs and Provide Information about Germination-Related Processes
Our studies of the spatial expression of two genes that are expressed preferentially in cotyledons provide insight about physiological processes in seedlings. The distribution of isocitrate lyase mRNA reflects the cellular pattern of activation following imbibition. At 16 HAI, the mRNA is dispersed throughout the axis but has a restricted distribution in cotyledons (compare Figure 3, J and B) . This pattern of gene expression correlates with morphological observations showing that cellular activation following imbibition defined by the loss of storage reserves and the formation of organellar substructures and membrane systems occurs earlier in axes than in cotyledons (Jacobsen, 1984) . In addition, the mRNA accumulates in regions of cotyledons that Payne et al. (1978) have shown to be the initial site of RNA synthesis following imbibition. The result confirms previous results showing that isocitrate lyase genes are activated rapidly following imbibition (Comai et al., 1989) . At later stages of postgerminative growth, the mRNA is prevalent throughout storage parenchyma cells in cotyledons where the vast majority of lipids are stored and is distributed unequally in axes (Figure 3, F and N) . Because isocitrate lyase is a glyoxylate cycle enzyme involved in storage lipid mobilization, the patterns may represent the temporal sequence of lipid utilization in seedlings.
COT44 mRNA is present on polyribosomes in both cotyledons and axes of seedlings and, therefore, it is likely to be translated (Harada et al., 1988a) . The deduced COT44 polypeptide shares sequence similarity with the cysteine proteinases shown in Figure 2 as well as another putative proteinase that accumulates in gibberellic acidtreated aleurone layers of barley (Rogers et al., 1985) . The reaction mechanism (Willenbrock and Brocklehurst, 1985) and three-dimensional structure (Baker, 1980) of cysteine proteinases have been defined. Critical residues defined to be involved in catalysis (Cys 124, His 26° in COT44), in forming the active site (Gin 118, Asp 2s9, Asn 280, Ser TM, Trp282), in disulfide bridges (Cys 12~, Cys ~5, Cys16% Cys ~96, Cys 2s4, Cys3°S), and in establishing the correct folding pattern (Gly 119, Gly 162, Gly TM, Gly 165, Gly 166, Gly 248, Gly 2s~, Gly 2s7, Gly 3°3) are conserved in the deduced COT44 polypeptide, suggesting that the mRNA encodes a proteinase.
Because of similarities in the temporal expression of COT44 and isocitrate lyase genes (Figure 1 ; Harada et al., 1988a; Comai et al., 1989) and the possibility that COT44 may also serve a role in reserve mobilization, we compared the distribution of the mRNAs (Figure 3) . We found that the two mRNAs accumulated in different regions within cotyledons and axes at all postgerminative stages except 16 HAl cotyledons. In contrast to isocitrate lyase, COT44 mRNA does not become prevalent in storage parenchyma cells of cotyledons that are rich in storage proteins; the mRNA remains associated primarily with the vascular tissue and epidermis. Cysteine endopeptidases have been implicated to participate in storage protein hydrolysis (Chrispeels and Boulter, 1975; Koehler and Ho, 1988) . However, the location of COT44 mRNA suggests that the putative proteinase may not initiate hydrolysis of the bulk of storage proteins in cotyledons. Nevertheless, the results indicate that two genes encoding mRNAs that accumulate with similar kinetics primarily in cotyledons during postgerminative growth are expressed differentially (Harada et al., 1988a; Comai et al., 1989) . In determining whether genes are coordinately regulated, spatial as well as temporal aspects of expression must be considered.
AX92 Genes Are Expressed during Differentiation of Cortical Cells
The histogen theory of Hanstein (1868) proposes that the apical meristem is composed of three tiers of cells; the cortex is derived from cortical cell initials in the middle cell layer. Our results show clearly that AX92 mRNA is detected only in the ground meristem and the mature cortex (Figure 4) , tissues derived from cortical initials, and indicate that the cortex can be distinguished biochemically from other tissues composed largely of parenchyma cells. Kuras (1980) has proposed that the middle layer consists of a ring of cortical initials surrounding cells that normally do not contribute to cortex development. The finding that AX92 mRNA is not detected in the center of the middle cell layer but is prevalent in cells at the margins ( Figure  4E ) supports the hypothesis and suggests that the gene may be involved in a determination event in cortical cell differentiation.
The mRNA is detected in the cortex of both roots and hypocotyls of seedlings (Figure 4 ) and in leaves, stems, and roots of mature plants (Figure 1 ), although we have not been able to localize the mRNA in cotyledons or mature organs. We reported previously that the mRNA is present in embryos at 15 to 21 days postanthesis, the earliest stage of embryogenesis that we examined (Harada et al., 1988a) . Because differentiation of cortical cells begins at approximately 7 days postanthesis in B. napus embryos (Tykarska, 1980) , AX92 mRNA may also serve as a marker for early events in embryogeny.
The uneven distribution of AX92 mRNA in 24 HAl and 2 DAI axes (Figure 4 , H and K) shows that cells within a tissue are not equivalent. AX92 gene expression is modulated quantitatively in different cells within the cortex. The result implies that signals activating the gene(s) are unequally distributed in the tissue or that the cells respond differently to a common stimulus. AX92 mRNA is most prevalent in enlarged cells at the base of the hypocotyl and in the elongation/maturation zone of the root (Figure 4, K and N) . We also note that during embryogenesis, AX92 mRNA accumulates at stages when the embryonic axis elongates at maximal rates (Tykarska, 1980) . Extensin and other cell wall proteins have been localized to actively growing regions of shoots and roots (Averyhart-Fullard et al., 1988; Cooper, 1988) . However, the nucleotide sequence of the AX92 cDNA clone does not share significant sequence similarity to sequences compiled in the GenBank Genetic Sequence Data Bank (C.S. Baden and J.J. Harada, unpublished results) . Although the precise role of the gene product in cortical cells remains to be determined, the cloned mRNA will be useful to elucidate cellular mechanisms involved in tissue differentiation.
METHODS
Plant Material
For in situ hybridization experiments, B. napus L. (rapid cycling base population, CrGC5, obtained from P. Williams, University of Wisconsin, Madison) seeds were germinated in darkness on moist filter paper at 25°C. Radicle emergence from seed coats occurs at approximately 14 HAl. Seedlings were placed in fixative (10% formalin, 5% acetic acid, and 50% ethanol) and cut into 2-to 4-mm pieces. The pieces were incubated overnight in fixative, dehydrated, and embedded in paraffin. The embedded material was sectioned on a rotary microtome to a thickness of 7 #m.
RNA Gel Blot Hybridizations
Total, polyadenylated RNA was isolated from young, fully expanded leaves, stems, and roots obtained from 3-week-old plants using previously described methods (Harada et al., 1988a) . RNA gel blots were done as described using cDNA insert fragments from pCOT44, pAX92, and plL9 as probes (Harada et al., 1988a; Comai et al., 1989) . Relative mRNA levels were estimated by densitometry of autoradiograms, mRNA size estimates are based on RNA standards (Bethesda Research Laboratories).
Nucleotide Sequencing
The cDNA insert from pCOT44 was sequenced using the dideoxynucleotide chain-termination method (Sanger et al., 1977) with double-stranded DNA templates (Chen and Seeburg, 1985) . Deletion derivatives of the cDNA clone were created using exonuclease III digestion protocols (Henikoff, 1984) or by excision of restriction fragments. The deduced amino acid sequence of the COT44 polypeptide was compared to sequences stored in the National Biomedical Research Foundation Protein Identification Resource using programs described by Queen and Korn (1984) .
In Situ Hybridization
In situ hybridization procedures were based on those described by Cox et al. (1984) and Barker et al. (1988) . The 2.1-kb, 0.7-kb, and 0.28-kb restriction fragments from the cDNA inserts from plL9 (isocitrate lyase, Comai et al., 1989) , pCOT44, and pAX92 (Harada et al., 1988a) , respectively, were recloned into a plasmid (Bluescribe, Stratagene) containing bacteriophage RNA polymerase promoters in opposite orientations. 3~S-labeled antisense and sense RNA probes were synthesized in vitro, hydrolyzed to an average length of 150 bases, and hybridized with sections overnight at 44°C. Sections were treated with RNase A, washed extensively, and coated with nuclear track emulsion (Kodak NTB-2). Exposure times were 2 to 4, 15 to 21, and 14 d for isocitrate lyase, COT44, and AX92 probes, respectively. Following development, sections were stained with toluidine blue. Photomicrographs were taken on an Olympus Vanox AHBT photomicroscope fitted with a dry dark-field or bright-field condenser using Kodacolor VRG100 film. Because exposure times and probe lengths differed, it is impossible to compare quantitatively autoradiographic signals from different photomicrographs. Figures 3 and  4 show typical distribution patterns obtained from several experiments utilizing sections from different seedlings and different preparations of a probe.
